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Abstract: We propose the far-infrared and terahertz emitting diodes (FIR-EDs and THz-EDs)
based on the graphene-layer/black phosphorus (GL/b-P) and graphene-layer/MoS2 (GL/MoS2)
heterostructures with the lateral hole and vertical electron injection and develop their device
models. In these EDs, the GL serves as an active region emitting the FIR and THz photons.
Depending on the material of the electron injector, the carriers in the GL can be either cooled or
heated dictated by the interplay of the vertical electron injection and optical phonon recombination.
The proposed EDs based on GL/b-P heterostructures can be efficient sources of the FIP and THz
radiation operating at room temperature.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The optically or electrically pumped graphene-layer (GL)-based heterostructures can be used in
the far-infrared (FIR) and terahertz (THz) sources, detectors, and other devices exploiting the
interband transitions [1–9]. One of the pumping techniques is the lateral injection from the n+-
and p+- side contacts into the GLs [10–12]. The GL-heterostructure emitting diodes and lasers
with the side injecting contacts can be used in both the edge and front-face configurations. Such
heterostructures demonstrated a broadband amplified emission in the range 1 - 5 THz. Similar
heterostructures with the edge configuration with the grating providing the distributed feedback
generated a single-mode radiation with the frequency 5.2 THz (at 100 K) [13,14]. However,
the lateral injection of both electrons and holes becomes ineffective if the spacing between the
injecting contacts is relatively large. A large separation limits the output power because of the
potential sag in the middle of the GL resulting in relatively low electron and hole densities
preventing the interband population inversion necessary, in particular, for the super-luminescence
and lasing [15]. This drawback might be avoided by implementing the combined injection, for
example, using the lateral injection of holes from both p+-side contacts and the vertical injection
of electrons from the n+-contact on the heterostructure top [16]. However, each vertically injected
carrier captured by the GL contributes the energy on the order of the conduction band offset,
∆C. The energy injected into the GL rises the effective temperature, T , of the two-dimensional
electron-hole plasma (2DEHP) in the GL due to the frequent carrier-carrier collisions. As a result,
#394662 https://doi.org/10.1364/OE.394662
Journal © 2020 Received 7 Apr 2020; revised 17 Jun 2020; accepted 21 Jun 2020; published 31 Jul 2020
Research Article Vol. 28, No. 16 / 3 August 2020 / Optics Express 24137
the 2DEHP temperature can exceed the lattice temperature T0. A rise of the 2DEHP temperature
negatively affects the characteristics of the THz and FIR sources, in particular, thwarting the
population inversion [16–18]. The carrier heating by the injection current is also harmful in the
standard heterostructure light-emitting diodes (LEDs) and lasers, but in the devices with the
gapless energy spectrum, such as incorporating GLs, the heating might be more detrimental.
Using the layers surrounding the GLs made of the materials with decreased ∆C, for example,
black-phosphorus (b-P) [17,18] (see also [19–33]) could diminish the carrier heating by the
vertically injected electrons. The conduction band offset at the GL/b-P interface is about of
∆C ' 200 meV. This value is close to the GL optical phonon energy ~ω0, which is beneficial
for limiting an excessive carrier heating. Moreover, in the EDs with such heterojunction, the
interplay between the electron injection and optical phonon recombination can result in the
2DEHP cooling promoting the population inversion. In the EDs with ∆C>~ω0, for example,
based on the GL/MoS2 heterostructures, in which the injection heating can essential, the carrier
heating can be weakened using a sufficiently strong doping of the GL by acceptors [34] (see also
[35]). This approach might be used for the FIR and THz emitting diodes (FIR-EDs and THz-EDs)
and super-luminescent diodes (SLDs) as well as for the lasers with the GL-heterostructure active
region.
In this paper, we propose, model and analyze the FIR-EDs and THz-EDs based on the GL/b-P
and GL/MoS2-heterostructures with the combined injection and the front-face configuration.
In principle, in such a configuration, both the interband spontaneous and stimulated emission
are possible. The latter requires the interband population inversion, a relatively weak intraband
(Drude) absorption in the GL, and high quality top reflectors [1,36]. The implementation of the
GL-based EDs is easier since it does not necessitate a sufficiently low Drude absorption and a
resonant cavity. Figure 1(a) shows the sketch of an ED with the vertical electron and lateral
hole injection and the front-face radiation output. Such EDs generate incoherent THz and FIR
radiation. The LEDs with GLs (mainly using GLs as highly conducting transparent contacts)
were reported in a number of publication [37–40]. Suspended electrically biased GLs heated
by the electric current can also be used for emission of mid-infrared and visible light [41–45].
The optical emission from GLs induced by a strong THz field resulting in the carrier interband
Landau-Zener transitions and their heating was reported recently [46]. In contrast to these works,
we focus on the GL-based EDs mainly for the FIR and THz spectral ranges.
Fig. 1. The heterostructure device under consideration with the p+–side hole injector and
vertical top n+–contact electron injector: (a) cross-section view, (b) band diagram at a
relatively small bias voltage (V<Vbi) - the barrier limited injection, and (c) band diagram at
a high (V>Vbi) bias voltage - the space-charge or scattering limited injection, where Vbi is
the built-in voltage between the p+- and n+- contact regions. The black and open circles
correspond to electrons and holes, respectively. The wavy arrows show the propagation of
the photons emitted in the GL.
The EDs under consideration are based on GL/b-P and GL/MoS2 heterojunctions (with suitable
band off-sets [19,21,32,33]). We focus on the carrier cooling and heating effects and analyze
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the role of the GL doping, in particular, demonstrating that the GL doping weakens the carrier
cooling in the EDs with a relatively small band off-set (with the GL/b-P heterojunction) and
heating in the EDs with a relatively large band off-set (with the GL/MoS2 heterostructure). It
affects the GL conductivity diminishing the lateral nonuniformity of the 2DEHP, arising due the
current crowding effect [47,48], and promotes increasing ED efficiency.
2. Device and mathematical models
The ED device configuration includes the undoped, p-doped, or p+-doped GL sandwiched
between the top vertical n- and n+- emitter layers (n-EL and n+-EL) and the wide-gap substrate
transparent for the THz and FIR radiation, for example, an hBN substrate. Two p+ side contacts
inject holes into the GL. The ED operation (similar to the operation of the standard LEDs) is
associated with the capture into the GL of the electrons vertically injected from the emitter,
lateral injection of holes from the side contacts, and the electron-hole radiative recombination in
the GL. Depending on the bias voltage V , the electron injection can be limited by the potential
barrier in the n-EL or by the space-charge or scattering on impurities and acoustic phonons [see
Figs. 1(b) and 1(c), respectively].
Closing the famous THz gap by providing efficient, compact, and powerful enough sources of
the terahertz radiation (see, for example [49,50]). Graphene and graphene based heterostructures
have emerged as the most promising candidates to meet this challenge [51–55]. The key
problems in implementing the THz sources based on graphene heterostructures are the efficient
electron-hole injection and minimizing the contact resistance. These problems are addressed
in the lateral-vertical geometry as discussed in [16]. Such structures allow for optimizing the
position of the Fermi level in the device channel by adjusting doping and provide means of
optimizing the vertical transport.
Our previous work [16] dealing the lateral-vertical graphene based heterostructures focused on
the surface plasmon amplification. The results of the analysis presented in [16] showed that the
lasing of the plasmons propagating in the lateral direction (along the GL) can be achieved in such
structures. In this work, we focus on rather different devices, namely, the FIR and THz vertically
emitting diodes and show that they could reach a high emission efficiency using the carrier cooling
in the GL due to the interplay of the vertical electron the recombination processes involving
optical phonons. Recent breakthroughs in the fabrication of the graphene-black phosphorus
heterostructures make the fabrication of the proposed devices possible [53–55].
Our mathematical model (which generalizes the model developed in [11,16,17]) includes
the equations governing the balance of the interband and intraband energy relaxation and the
recombination-generation processes in the GLs. At room temperature, these processes are
associated with the optical phonon emission and absorption in the GLs [56]. Hence, each act of
the interband and intraband optical phonon emission/absorption in the GL decreases/increases
the energy of the 2DEHP by the quantity ~ω0 ' 198 meV. The injection of an electron from the
n-EL into the GL associated with a loss of the kinetic energy due the carrier-carrier collisions
and the interaction with phonons [57] is similar to that in the standard quantum-well infrared
photodetectors [58]. It leads to an increase of the 2DEHP energy by the quantity ∆i, which is
determined by the conduction band offset ∆C [see Figs. 1(b) and 1(c)]. The rates of the electron
injection and the electron energy injection into the GL are given by j/e and j∆i/e, respectively,
where j is the density of the vertically injected electron current (in A/cm2 units) and e = |e| is the
electron charge.
A relatively short time of the optical phonon decay into acoustic phonons in the GLs [59] and a
high GL heat conductivity [60,61] allow us to disregard the heating of the optical phonon system.
Hence, the optical phonon distribution is given by N0 = [exp(~ω0/T0) − 1]−1. The 2DEHP can
be far from equilibrium with the optical phonon system. This is different from the situation in
the suspended GLs [43] when both these systems are heated.
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Since the ED operation assumes high carrier densities in the GLs, the inter-carrier collisions
are fairly frequent and the quasi-Fermi electron and hole distribution functions have the
common effective temperature T . However, the transition of the 2DEHP to full equilibrium
requires a relatively long time. This implies that the electron and hole distributions have by
generally different quasi-Fermi energies, µe and µh (as in super-luminescent and semiconductor
laser diodes) with the quasi-Fermi distribution functions fe(p) = [exp(pvW − µe)/T + 1] and
fp(p) = [exp(pvW − µh)/T) + 1], where p is the carrier momentum and vW ' 108 cm/s is the
characteristic velocity of electrons and holes in GLs. Taking into account the above, rather
common assumptions, the system of the equations governing the density and energy balance in






































































Here Σ0 is the characteristic carrier density determined by the GL density of states τinter0 is the
characteristic time of the electron-hole pair generation time associated with the optical phonon
absorption, jG/e = Σ0/τinter0 is the rate of the electron-hole pair thermogeneration per unit area in
equilibrium [56] with τinter0 ∼ τ0 exp(~ω0/T0)  τ0, where τ0 is the characteristic time of the
optical phonon spontaneous emission, τintra0 = η0τ
inter
0 with η0 depending on the carrier Fermi
energies and their effective temperature, and the characteristic density Σ0 are determined by




[3(µ2e + µ2h) + π2T2]




Since τintra0 ∝ η0, it decreaseswith increasing µ
2
e and µ2h. This is associatedwith the proportionality
of these quantities to the electron and hole densities (at high densities Σe ∝ µ2e and Σh ∝ µ2h). The
dependence of η0 on the electron and hole quasi-Fermi energies, being not so important in some
situations, can be crucial at high carrier densities, in particular, when the GLs are doped.
The thermal energy spread of the electrons in the n-EL, ∆i can be presented as ∆i =
∆C + 3TE/2 − ∆∗i with TE being the electron temperature of the injected electrons (in the energy
units). We set TE ' T0, where T0 is the lattice temperature, neglecting deviations of TE from T0,
which might be caused by the electron Peltier cooling (at V<Vbi) or the Joule heating in the n-EL
(at V>Vbi). The quantity ∆∗i characterized the fraction of the injected electron energy which
transferred to the optical phonon system. Following [11,17], we set ∆∗i = K~ω0/(1 + Kηcc),
hence










Here τcc is the characteristic times of the carrier-carrier scattering (τcc ∼ τ0  τintra0 ), and K is
the number of optical phonons which can be emitted by the injected electron. The expression
for ηcc reflects the population of the electron states near the Dirac point. This factor limits the
transitions of the injected electrons emitting optical phonons to these states due to the Pauli
principle. For the GL/b-P and GL/MoS2 heterojunction at T0 = 26 meV, ∆C + 3T0/2 ' 240 meV
and 350 meV, so that K = 1. Thus, setting τ0/τcc ' 1, we obtain ηcc ' 1, so that for the room
temperature ∆i ' 140 meV and ∆i ' 290 meV, respectively.
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The radiative processes associated with the absorption and emission of photons (or emission
of plasmons [62–64] followed by their transformation to output photons) also affect the density
and energy balance. Since the latter processes are characterized by relatively long time τr (much
longer that the characteristic times pertinent to the optical phonon processes τinter0 and τ
intra
0
[65,66]), we have disregarded the contribution of the radiative processes to the density and energy
balance. However, these processes determine the radiation emission from the 2DEHP with the
parameters determined the optical phonon and injection processes.
3. Carrier cooling and heating by the injected current























































The charge neutrality requirement leads to the following relation between the electron, hole, and
acceptor densities Σe, Σh, and Σa in the GL : Σh − Σe = Σi, where Σi = Σa + κEL(V −Vbi)/4π elEL,
is the hole density induced by the acceptors and the electric field in the n-EL, κEL, and lEL are the
dielectric constant and the thickness of the n-EL [see Fig. 1(a)]. At reasonable voltages V . 1 V,
one can neglect the variations of the hole density in the GL and set Σi ' Σa. At a strong injection,
the electron and hole component are degenerate, i.e., µe ' ~ vW
√
πΣe, µh ' ~ vW
√
π(Σh + Σa),
µa = ~ vW
√
πΣa > T, where ~ is the reduced Planck constant. Considering this, for the relationship













Considering Eqs. (5) and (6) with Eq. (8) and introducing the average quasi-Fermi energy





































Figures 2 and 3 show the dependences of the normalized effective temperature T/T0 and the
average quasi-Fermi energy µ = (µe + µh)/2 of the carriers in the GLs with different doping
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Fig. 2. Normalized temperature T/T0 versus injection current density j in EDs with (a)
∆i = 140 meV (GL/b-P heterostructures) and (b) ∆i = 290 meV (MoS2 heterostructures),
different GL doping levels [different values of µa - the same for (a) and (b)], and T0 = 26
meV (300 K).
Fig. 3. Average quasi-Fermi energy µ = (µe + µh)/2 versus injection current density j
in EDs with (a) ∆i = 140 meV (GL/b-P heterostructures) and (b) ∆i = 290 meV (MoS2
heterostructures), for the same GL doping levels as in Figs. 2(a) and 2(b): solid lines T0 = 26
meV (300 K).
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levels on the injection current density j numerically calculated using Eqs. (9) and (10) for T0 = 26
meV (300 K). It is set ∆i = 140 meV and ∆i = 290 meV for the EDs with the GL/b-P and the
MoS2 heterostructures, respectively, ~ω0 = 198 meV, ηcc = 1, and jG = 1.6 × 102 A/cm2.
As follows from Fig. 2, the 2DEHP effective temperature T markedly decreases (if ∆i = 140
meV, i.e., ∆i<~ω0) and increases (if ∆i = 290 meV, i.e., ∆i>~ω0) with increasing injection
current. A decrease in T below T0 (the 2DEHP cooling down) with increasing injection current
at ∆i<~ω0 seen in Fig. 2(a) is due to the following. The injection of an electron into the GL
adds the energy about ∆i to the 2DEHP, while each recombination act with the emission of an
optical phonon decreases the 2DEHP energy by the quantity ~ω0 (with ∆i<~ω0 in the case of
GL/b-P heterojunction). Thus, there is a predominant removal of the hottest carriers. However,
the 2DEHP cooling leads to a dramatic decrease in the number of high energy carriers able to
emit optical phonons. As a result, the optical phonon mechanism under consideration can step
aside to other relaxation-recombination mechanisms due to the carrier interaction with surface
optical phonons and Auger processes. The inclusion of such mechanisms can stop further cooling
of the 2DEHP [16] below the temperatures corresponding to the dashed lines in Fig. 2(a) [and
in Figs. 3(a) and 5(a) as well]. As seen from Fig. 2(a), at higher doping levels (larger µa), the
2DEHP cooling down is weaker in the range of moderate injection currents. Moreover, the T − j
relations exhibit the tendency to the S-shape behavior corresponding to possible filamentation
of the temperature distribution. This can be attributed to a non-monotonic dependence of the
net carrier density in the doped GL on µ = (µe + µh)/2 [see Eq. (8)]. In contrast, as seen from
Fig. 2(b) corresponding to ∆i>~ω0 , the electron injection increases the 2DEHP energy despite
the optical phonon emission. This leads to a gradual rise of T with increasing j. In the EDs with
a higher doping, the effect of heating is less pronounced. This is because the injected power is
distributed over a large number of the carriers at higher doping levels.
As shown in Fig. 3(a), the 2DEHP cooling down is accompanied by a fairly strong increase in
µ. The latter implies the reinforcement of the 2DEHP degeneration (µ>0). The ambiguity of the
T − j dependences is reflected also in the shape of the µ − j characteristics at elevated doping
levels. It is interesting that in the case of the undoped GL, the injection leading to the 2DEHP
heating can result in µ<0. This implies that the carrier Fermi energies in the GL (µe = µh = 0
without the injection) become negative, i.e., the injection reliefs the degeneration.
4. Spectral characteristics and output power
Using the dependences obtained above, one can find the output intensity of the spontaneous
radiation P. The probability of the interband radiative transition of an electron between a state
in the GL conduction band with the momentum p to a state in the valence band with the same



















where κS is the dielectric constant of the substrate (output coating) and c is the speed of light in
vacuum.
We assume that the GL is in the thermostat surrounding the device and having the temperature
T0. The majority of the nonequilibrium photons emitted by the GL leaves the device through the
outer surface [see Fig. 1(a)]. A fraction of the photons reflected from this surface crosses the GL.
The GL absorption (due to both interband transitions and the Drude absorption) is weak. The
interband absorption might lead to a photon recycling effect [67–69], although it is a rather small.
As a larger fraction of the reflected photons passes the GL, it is absorbed in the top n+-EL and
the top electrode. Thus, we neglect the photon recycling and the resonant properties of the cavity
between the outer surface and the top of the structure.
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In such a situation, the photon emission from the 2DEHP in the GL is associated with
the spontaneous interband radiative transitions and the interband transitions stimulated by the
thermal (equilibrium) photons. The thermal radiation is characterized by the distribution function
Nph(~ω) = [exp(~ω/T0) − 1]−1 with the temperature of the lattice and of the surrounding
thermostat T0. The indirect radiative interband and intraband (Drude) transitions associated with
the photon emission accompanied by the carrier scattering on disorder and acoustic phonons, can
also contribute to the net radiation output [70]. However, such a contribution is relatively small
in the photon energy range under consideration, and, therefore, could be disregarded.
Taking into account that the rate of the interband radiative transitions is proportional to [64,65]




for the function S~ω characterizing the energy distribution of the emitted phonons (their flux in




































. Setting √κs = 2 and T0 = 26 meV (T0 = 300 K), we find
S0 ' 2.44 × 1017 cm−2s−1.
For the output power of the radiation emitted at the interband transitions (both spontaneous




d(~ω) S~ω . (13)
Here, A<1 is the fraction of the emitted photons passed the outer surface (not reflected back to
the GL).
Taking into account that µe and µh (at sufficiently strong injection when µe, µh>T) are
expressed via µ and µa as
µe ' µ −
µ2a
4µ









































































Figure 4 shows the emission spectra of the GL/b-P and GL/MoS2 EDs for different injected
current densities j. As seen from Figs. 4(a) and 4(b), the spectral characteristics, S~ω , of the EDs
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exhibit pronounced maxima at certain photon energies. The height of these maxima steeply rises
with increasing the injection current density. The maximum values of S~ω are markedly larger in
the GL/b-P EDs than in GL/MoS2 EDs. The EDs with doped GLs have a much lower S~ω in
comparison with the EDs having the undoped GLs. This implies that the most promising EDs
are those based on the GL/b-P heterostructures with the undoped GLs.
Fig. 4. ED spectral characteristics: (a) for ∆i = 140 meV (GL/b-P heterostructures) and
(b) ∆i = 290 meV (MoS2 heterostructures) with different acceptor doping levels [different
values of µa common for (a) and (b)]: solid lines - j = 250 A/cm2, dashed - j = 500 A/cm2,
and dotted - j = 750 A/cm2.
The maxima positions somewhat depend on the GL doping: an increase in the doping level
(an increase in µa) leads to a moderate shift of the maxima toward higher photon energies.
The position of the maximum, ~ωmax, of the spectral characteristic of the most interesting
version of the GL/b-P ED (with the undoped GL) exhibits a marked “blue” shift with increasing
injection, in particular, from ~ωmax ' 100 meV at j = 250 A/cm2 to ~ωmax ' 180 meV at j = 750
A/cm2. This can be attributed to a substantial increase of the quasi-Fermi energy µ when the
injection becomes stronger [see Fig. 3(a)]. It is instructive that the latter is accompanied by a
drop of the effective temperature T [shown in Fig. 2(a)]. An increase in µ combined with a
decrease in T implies the reinforcement of the 2DEHP degeneration.
Figures 5(a) and 5(b) show the output THz power P generated by the GL/b-P and GL/MoS2
EDs as a function of j (for A = 1). In these figures, we used the same parameters as in Figs. 2, 3,
and 4.
As seen from Fig. 5(a), an increase in j results in a significant rise in P for the GL/b-P EDs
(with ∆i<~ω0). This increase could become fairly large, particularly, in the case of undoped GL.
This is associated with a marked increase in µ and in a pronounced decrease in T (and, hence, in
a strong increase in µ/T), i.e., in the reinforcement of the interband population inversion. This,
in turn, leads to a substantial dominance of the photon emission compared to the absorption.






T40 , of a gray-body emission at T0 with the emissivity ε = 0.1 (four times larger
than that estimated in [41,42]), we find P0 ' P0 ∼ PGB0 . However, at elevated injection current
densities, as follows from Fig. 5(a), P  P0 ∼ PGB0 . Moreover, the output power density of the
EDs with undoped GL might markedly exceed the black-body thermal radiation power density at
room temperature PBB0 ' 45.9 mW/cm
2.
In the case of GL/MoS2 EDs, P0 ∼ PGB0 as well. At elevated injection current densities, P
might exceed PGB0 , but the ration P/P
GB
0 is rather moderate [see Fig. 5(b)], the injection provides
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Fig. 5. Normalized output power as a function of injected current densities for EDs based
on (a) GL/b-P heterostructures and (b) GL/MoS2 heterostructures with different acceptor
doping levels.
either P/PGB(T0)<1 (if the GL is undoped) or P/PGB(T0) & 1 (for doped GLs). This is explained
by the negative values of µ in the case of the undoped GL (the 2DEHP is nondegenerate) and by
relatively small values of µ/T when the GL is doped (weakly degenerate 2DEHP). In both these
situations, the rates of the photon emission and absorption are close to their values under the
thermal equilibrium. As a result, the output radiation power is comparable with the gray-body
thermal radiation.
5. Comments and discussion
5.1. Emission efficiency and its droop
Since the power density receiving by the 2DEHP in the GL by the injection is about Pi = j∆i/e,
the emission efficiency for the GL/b-P ED is E = P/Pi = eP/j∆i. Using the data of Fig. 3(a), for
the range j = 300 − 600 A/cm2, we arrive at the estimate E ' (3 − 6) × 10−4. These values are
more than one order of magnitude larger than the emission efficiency of the electrically biased
GL supported by hBN and SiO2 [41,42], although it is smaller than that based on a suspended
GL [43]. For the suspended GL, the electric power per unit of the GL area substantially exceeds
the maximum values predicted our calculations.
The quantum efficiency, Q = eP/~ωmaxj (number of the emitted photons per injected electron),
is approximately Q ' (3 − 4) × 10−3 photon/electron. The quantity Q is relatively small because
the characteristic recombination time associated with the optical phonon emission (∝ τinter0 ) is
shorter than the characteristic time of the radiative recombination (∝ τr).
As was pointed out above, the 2DEHP cooling down in the GL/b-P EDs, leads to a gradual
diminishing of the GL optical phonon role. As a result, mechanisms, such as the recombination
and energy relaxation or the interaction with the GL/substrate (in particular, GL/hBN) surface
might become dominant. The inclusion of the interaction with the surface optical phonons
with the energy ~ωS, ~ω0 and characterized by a weaker interaction with the carriers in the GL,
prevents a further drop of the effective temperature and the quasi-Fermi energy rise [shown in
Figs. 2(a) and 3(a) by the short dashed lines]. This implies that the output power as a function of
the injected current should saturate. This might be revealed as the emission efficiency droop
[71–73].
The inclusion of other relaxation mechanisms, for example, of the Auger processes might also
somewhat modify the ED characteristics affecting the density and energy balance in the 2DEHP
[16] (the specifics of these processes in GLs are considered in [74,75]).
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5.2. THz emission
Although the position of the emitted power maxima corresponds to the FIR range, the emission
in the THz range can also be sufficiently strong to enable many applications.
Let us estimate the power density emitted by the EDs in the THz range, ω<ωTHz = 5 − 10






























Setting j = 300 A/cm2, T/T0 = 0.5, and µ = 60 meV and calculating the integral in Eq. (17), we
obtain PTHz ' 0.178− 1.75 mW/cm2. For the power density of the thermal radiation emitted by a
gray-body at T = T0 = 26 meV one can obtain PGBTHz ' (0.11 − 0.45) mW/cm
2 (for the emissivity
ε ' 0.025 [42,43]) and PGBTHz ' (0.43 − 1.8) mW/cm
2 (for the emissivity ε ' 0.1). The latter
estimate shows that that modulated THz signals emitted by the EDs can be distinguished from
the thermal background.
Since the 2DEHP generated in the GLs due to the electron injection can exhibit the interband
population inversion µ>0 (particularly, in the GL/b-P EDs), the 2DEHP net dynamic conductivity
can be negative in a certain photon frequency range (typically on the order of a few and several
THz) and the EDs can generate the stimulated emission. Taking into account that the maximum
contribution of the interband transitions to the dynamic conductivity is equal to σinter~ω = −e
2/4~,
the net dynamic conductivity can be negative if the 2DEHP intraband (Drude) conductivity
σintra~ω <e
2/4~. This requires sufficiently perfect GLs with moderate carrier momentum relaxation
time (see, for example, [1,11,16]). In principle, both vertical and lateral lasing EDs can be
implemented depending on the quality of the radiation reflectors and wave guiding structures. The
appearance of the stimulated emission in sufficiently pumped EDs might limit the non-coherent
emission considered above and presents an additional mechanism of the ED efficiency droop
[68,69].
5.3. Multiple ED structures - current crowding
As shown in the Appendix, the potential drop between the side contacts can limit the injection
efficiency. This can be avoided if the spacing, 2L, between the side contacts is smaller than
the characteristic length, Lcc. The estimates in the Appendix show that Lcc ∼ 10 µm, If the
radiation power density P ∼ 100 mW/cm2, the ED width in in the y-direction H = 104 µm and
2L = 10 µm, the net emitted power of a single ED is about 2LHP ' 0.1 mW. To achieve output
higher powers P, one might use multiple-EDs with periodic structures having the lateral multiple
interdigitated fingers as electrodes to the n+ and p+ contacts with the separation on the order on
2Lcc similar to that shown in Fig. 6. In particular, for P ∼ 1 mW, the pertinent structure should
include a dozen of the periods.
5.4. Some assumptions of the model
Variations of the parameter ηcc [introduced in Eq. (4)] in a wide range does not result in a
qualitative change in the dependences shown in Figs. 2 and 3. The trends shown in Figs. 2 and 3
do not change if the sign of ∆i/~ω0 − 1 does not change. In the case of GL/b-P heterojunction,
this is true if ηcc<4. In the opposite case, ∆i − 1>0, and the T and µ dependences on the injection
current for the GL/b-P heterojunction [Figs. 2(a) and 3(a)] become similar to those shown in
Figs. 2(b) and 3(b)).
The indirect interband radiative emission processes in GL (disregarded above) are generally
weaker than the direct processes [70]. However, in the graphene bilayers (GBLs) such processes
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Fig. 6. Schematic view of ED with lateral periodic structure and interdigitated electrodes.
can be crucial [76]. The difference in the role of the indirect radiative transitions in GLs and
GBLs is due to a substantial difference of the density of states near the Dirac point. Nonradiative
recombination mechanisms (not included in our model due to their weakness in comparison with
the optical phonon recombination) might decrease the efficiency of the EDs under consideration
[73].
6. Conclusions
We proposed the FIR and THz EDs based on the GL/b-P and GL/MoS2 heterostructures and
evaluated their characteristics. Such EDs can work for efficient emitters of the FIR radiation
and be useful room temperature compact sources of the THz radiation. The crucial mechanism
providing high emission efficiency of the proposed EDs is cooling of the carriers in the GL due
to the interplay of the vertical electron the recombination processes involving optical phonons.
Considering the progress in fabrication the devices based on analogous and more complex
heterostructures formed by the similar materials (including, inparticular, black-phosphorus)
[53–55,80–86], we believe that this paper could actually stimulate the realization of such devices
and serve as a guide for their designing.
Appendix. Current crowding





Here σGL is the GL conductivity and j0 = eN+ELvT exp[e(V − Vbi)/T0] is the injection electron
density at x = ±L, 2L is the spacing between the side contacts (the GL width).
The GL conductivity depends on the carrier densities and, hence, on the quasi-Fermi levels µe
and µh, as well as on the carrier momentum relaxation mechanisms. At relatively high carrier
densities, the short-range scattering on the strongly screened donors and mutual carrier-carrier










where ξ = [exp(−µe/T) + 1]−1 + [exp(−µh/T) + 1]−1 and τi is the characteristic momentum
relaxation time on the neutral and screened impurities and defects. Equation (12) demonstrates
a specific dependence of the GL conductivity on µe and µh associated with the short-range
scattering at high carrier densities, so that the factor ξ in Eq. (19) becomes constant (equal to 2).
This implies, a virtual independence of σGL on µe and µh at large their values (i.e., on the doping
level and the injection current). A decrease in µe and µh, particularly the change of the sign, can
lead to a marked drop of the conductivity.
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The electron injected current density is given by j = jS exp[e(V − Vbi + ϕ)/T0] and j '
ebELNEL(V − Vbi + ϕ)/lEL at low (V<Vbi) and elevated (V<Vbi) bias voltages, respectively (with
j<jS). Here ϕ = ϕ(x) yields the electric potential distribution along the GL, jS = eN+ELvT is the
saturation current density of the electron injector, vT is the thermal electron velocity, N+EL and
NEL are the donor densities in the n+-EL and n-EL, and bEL is the electron mobility in the latter.
Limiting our consideration to the case of V>Vbi when the injection current is close to its



















The boundary conditions for Eq. (18) are ϕ|x=±L = 0, therefore, j |x=±L = ebELNEL(V − Vbi) .
Taking this into account, for the spatial distribution of the injected electron current we obtain













is the factor associated with the current crowding.
Setting NE = 1015 cm−3, lEL = 10−4 cm, bEL = (250 − 500) cm2/V· s, τi = 10−12 s, T0 = 26
meV, we obtain Lcc ' (13 − 18) µm. If τi = 10−13 s, Lcc ' (4 − 6) µm.
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